Knutson N, Wood CE. Interaction of PGHS-2 and glutamatergic mechanisms controlling the ovine fetal hypothalamus-pituitary-adrenal axis. Am J Physiol Regul Integr Comp Physiol 299: R365-R370, 2010. First published May 5, 2010 doi:10.1152/ajpregu.00163.2010.-Prostaglandins, generated within the fetal brain, are integral components of the mechanism controlling the fetal hypothalamus-pituitary-adrenal (HPA) axis. Previous studies in this laboratory demonstrated that prostaglandin G/H synthase isozyme 2 (PGHS-2) inhibition reduces the fetal HPA axis response to cerebral hypoperfusion, blocks the preparturient rise in fetal plasma ACTH concentration, and delays parturition. We also discovered that blockade of N-methyl-D-aspartate (NMDA) receptors reduces the fetal ACTH response to cerebral hypoperfusion. The present study was designed to test the hypothesis that PGHS-2 action and the downstream effect of HPA axis stimulation are stimulated by NMDA-mediated glutamatergic neurotransmission. Chronically catheterized late-gestation fetal sheep (n ϭ 8) were injected with NMDA (1 mg iv). All responded with increases in fetal plasma ACTH and cortisol concentrations. Pretreatment with resveratrol (100 mg iv, n ϭ 5), a specific inhibitor of PGHS-1, did not alter the magnitude of the HPA axis response to NMDA. Pretreatment with nimesulide (10 mg iv, n ϭ 6), a specific inhibitor of PGHS-2, significantly reduced the HPA axis response to NMDA. To further explore this interaction, we injected NMDA in six chronically catheterized fetal sheep that were chronically infused with nimesulide (n ϭ 6) at a rate of 1 mg/day into the lateral cerebral ventricle for 5-7 days. In this group, there was no significant ACTH response to NMDA. Finally, we tested whether the HPA axis response to prostaglandin E 2 (PGE2) is mediated by NMDA receptors. Seven chronically catheterized late-gestation fetal sheep were injected with 100 ng of PGE 2, which significantly increased fetal plasma ACTH and cortisol concentrations. Pretreatment with ketamine (10 mg iv), an NMDA antagonist, did not alter the ACTH or cortisol response to PGE 2. We conclude that generation of prostanoids via the action of PGHS-2 in the fetal brain augments the fetal HPA axis response to NMDA-mediated glutamatergic stimulation. adrenocorticotropic hormone; blood pressure; cortisol FETAL SHEEP MAINTAIN CARDIOVASCULAR homeostasis in response to hypoxia (1, 9), hypovolemia (23, 24), and hypotension (30, 34) via autonomic and neuroendocrine responses to arterial chemoreceptor and baroreceptor activity (19, 25) . Previous studies in this and other laboratories demonstrated that the reflex responses to hypotension are mediated in part by peripheral (carotid sinus) and central (35, 37) receptors. At the same time, it is known that as the fetus develops in late gestation, there is an increase in reflex responsiveness that might be an important component of readiness for extrauterine life (20, 26, 31) . In addition to developmental changes in the integrity of the reflex pathways and the activity of the reflexes, there are endogenous modulators of the reflex. We reported previously that indomethacin [a nonselective prostaglandin G/H synthase (PGHS) inhibitor] attenuates the HPA axis response to brachiocephalic occlusion (BCO), a manipulation that results in cerebral hypoperfusion and stimulates autonomic and neuroendocrine responses (30). We subsequently demonstrated that this influence of prostaglandins is dependent on PGHS-2 activity within the fetal brain (i.e., not dependent on prostaglandins in the general circulation) (7, 22, 36) .
FETAL SHEEP MAINTAIN CARDIOVASCULAR homeostasis in response to hypoxia (1, 9) , hypovolemia (23, 24) , and hypotension (30, 34) via autonomic and neuroendocrine responses to arterial chemoreceptor and baroreceptor activity (19, 25) . Previous studies in this and other laboratories demonstrated that the reflex responses to hypotension are mediated in part by peripheral (carotid sinus) and central (35, 37) receptors. At the same time, it is known that as the fetus develops in late gestation, there is an increase in reflex responsiveness that might be an important component of readiness for extrauterine life (20, 26, 31) . In addition to developmental changes in the integrity of the reflex pathways and the activity of the reflexes, there are endogenous modulators of the reflex. We reported previously that indomethacin [a nonselective prostaglandin G/H synthase (PGHS) inhibitor] attenuates the HPA axis response to brachiocephalic occlusion (BCO), a manipulation that results in cerebral hypoperfusion and stimulates autonomic and neuroendocrine responses (30) . We subsequently demonstrated that this influence of prostaglandins is dependent on PGHS-2 activity within the fetal brain (i.e., not dependent on prostaglandins in the general circulation) (7, 22, 36) .
While fetal central nervous system (CNS)-generated prostaglandins actively modulate the fetal cardiovascular reflexes, the hypothalamus-pituitary-adrenal (HPA) axis response to cerebral hypoperfusion is almost completely dependent on glutamatergic neurotransmission within the fetal brain (18) . Previous studies showed that blockade of N-methyl-D-aspartate (NMDA) receptors with ketamine blunts the fetal reflex bradycardic response to hypoxia (2) . We subsequently demonstrated that NMDA blockade dramatically reduces the HPA axis response to BCO (18) . While we have good evidence that although NMDA-mediated neurotransmission and PGHS-2-mediated prostaglandin biosynthesis are involved in the HPA axis response to cerebral hypotension in fetal sheep, we have not demonstrated that these processes are linked. In the present study, we hypothesized that the HPA axis response to NMDA stimulation is modulated by PGHS-2-mediated prostaglandin generation within the fetal brain. The present experiments were designed to test this hypothesis.
MATERIALS AND METHODS
These experiments were approved by the University of Florida Institutional Animal Care and Use Committee and were performed in accordance with the "Guiding Principles for Use of Animals" of the American Physiological Society. In studies 1, 2, and 3, we studied 12, 5, and 8 pregnant ewes, respectively, with singleton or twin fetuses.
Surgical preparation. Aseptic surgery was performed Ն5 days prior to the experiment in each animal. In studies 1 and 2, fetal surgery was performed as previously described (30) . Polyvinyl chloride catheters were introduced into the tibial artery and saphenous vein in each fetal hindlimb, and another catheter was inserted within the amniotic fluid and secured to the fetal hindlimb. In study 3, fetal surgery additionally included placement of an osmotic minipump (model 2ML2, Alza, Cupertino, CA) for infusion of nimesulide into the lateral cerebral ventricle, as previously described (7) . Postoperative care was performed as previously described (7) . Each animal was monitored twice per day, with measurement of rectal temperature, and treated with ampicillin (750 mg sc or im; Polyflex, Ft. Dodge Laboratories, Ft. Dodge, IA) for 5 days after the surgery. All catheters were flushed and reheparinized at least once every 5 days.
Experimental protocols. In study 1, fetuses were studied in one of three groups. In the control group [n ϭ 8, 134 Ϯ 6 (SD) days gestational age], NMDA injection was not preceded by a drug injec-tion. In the second (resveratrol) group (n ϭ 5, 134 Ϯ 6 days gestational age), resveratrol (100 mg iv; Cayman Chemical, Ann Arbor, MI) was administered 30 min before NMDA injection. In the third (nimesulide) group (n ϭ 6, 134 Ϯ 4 days gestational age), nimesulide (10 mg iv; Cayman Chemical) was administered 30 min before NMDA injection. Blood samples (5 ml each) were drawn 30 min before and 0, 10, 20, and 30 min after injection of NMDA (10 mg iv; Acros Organics, Fisher Scientific) and put into chilled Vacutainer tubes containing K ϩ -EDTA. In addition to blood samples drawn for hormone assay, samples (1 ml) for measurement of blood gases were drawn in chilled heparinized syringes. Blood gas samples were immediately analyzed (ABL77 analyzer, Radiometer Copenhagen, Denmark). Plasma for hormone assay was separated from erythrocytes by centrifugation, divided into aliquots, and stored at Ϫ20°C. Plasma was assayed for ACTH and cortisol as previously described (36) . Some of the plasma samples were assayed for proopiomelanocortin; however, this is an incomplete set, because the assay kits were no longer available. For this reason, the proopiomelanocortin results are not reported.
In study 2, two groups were studied. Blood samples (5 ml) were drawn at 0, 5, 10, 20, and 30 min. In the control group (128 Ϯ 3 days gestational age), PGE2 (100 ng; Cayman Chemical) was administered immediately after the 0-min sample was drawn. In the experimental group (127 Ϯ 3 days gestational age), ketamine was administered 15 min prior to administration of PGE2. Blood and amniotic fluid pressures were measured and blood samples for hormone and blood gas analysis were processed as described for study 1. In study 3, fetuses were infused intracerebroventricularly with nimesulide (n ϭ 6, 127 Ϯ 2 days gestational age). A smaller number of fetuses were treated with a similar infusion of vehicle (50% deionized water-50% dimethylsulfoxide; Fisher Scientific). The effect of chronic blockade of PGHS-2 was tested on the response to NMDA. In the treated fetuses, nimesulide was infused into the lateral cerebral ventricle (1 mg/day intracerebroventricularly) using an osmotic minipump (model 2ML2, Alza) starting at the time of surgery. Blood samples were drawn at 0, 5, 10, 20, and 30 min after injection of 10 mg of NMDA, as described for study 1. Blood and amniotic fluid pressures were measured and blood samples for hormone and blood gas analysis were processed as described for study 1. Throughout the experiment, arterial and amniotic pressures were measured using disposable pressure transducers (Transpac IV, Hospira, Lake Forest, IL), an analog-to-digital converter (National Instruments, Austin, TX), and custom-written software (LabView, National Instruments). Fetal intravascular pressures were corrected by subtraction of the amniotic fluid pressure. Fetal heart rate (HR) was calculated from the phasic arterial pressure signal.
Statistical analysis. Data were analyzed using one-and two-way ANOVA corrected for repeated measures (33) . Pairwise comparisons were performed using simple effects contrasts (5). The criterion for assessment of statistical significance was P Ͻ 0.05. The computation of the ANOVAs was performed using SPSS version 15 (SPSS, Chicago, IL). In study 1, measured variables in the nimesulide and resveratrol groups were compared separately with the values of those variables in the control group by two-way ANOVA, as designed a priori.
RESULTS

Study 1.
NMDA injection stimulated increases in fetal mean arterial blood pressure that were blocked by injection of nimesulide 30 min before NMDA injection ( Fig. 1 ; P Ͻ 0.05 for time ϫ group interaction in ANOVA comparing nimesulide with control group). The increase in blood pressure after NMDA injection was not blocked by resveratrol [ Fig. 1 ; P ϭ not significant (NS) for time ϫ group interaction in ANOVA comparing resveratrol with control group]. NMDA did not significantly alter the fetal HR in any of the groups (P ϭ NS by ANOVA).
NMDA stimulated increases in fetal plasma concentrations of ACTH and cortisol plasma concentrations in all three groups (Fig. 2) . However, comparison of the control group with the nimesulide group by two-way ANOVA revealed a statistically significant interaction between group and time for ACTH and cortisol (P Ͻ 0.05 for both variables), demonstrating that acute nimesulide treatment reduced the HPA axis response to NMDA injection. Comparison of the control and resveratrol groups by two-way ANOVA for repeated measures revealed no statistically significant effect of resveratrol on the ACTH or cortisol responses to NMDA (P ϭ NS by ANOVA).
Arterial blood gases in the fetuses of study 1 were similar to those that have been interpreted as representative of healthy fetuses ( Table 1) . None of the manipulations significantly altered fetal blood gases (Table 1 ; significance testing using ANOVA).
Study 2. Consistent with results of previous studies in adult patients (14, 32) , ketamine increased fetal blood pressure and HR (P Ͻ 0.001 for changes in blood pressure between Ϫ10 and 0 min as analyzed by 1-way ANOVA for repeated measures). PGE 2 stimulated increases in blood pressure and HR that were superimposed on the baseline values at the time of injection (Fig. 3) . Overall, the changes in blood pressure in the two groups were significantly different (P Ͻ 0.05 for group ϫ time interaction), although the differences were accounted for by the increase in blood pressure acutely after administration of ketamine (Fig. 3) . In contrast to the changes in blood pressure, the changes in fetal HR in response to PGE 2 with and without ketamine pretreatment were not different in the two groups (P ϭ NS by ANOVA). PGE 2 injection significantly increased fetal ACTH and cortisol plasma concentrations (Fig. 3) . The increases in fetal plasma ACTH and cortisol were not significantly altered by the ketamine pretreatment, suggesting that the HPA axis response to PGE 2 is not dependent on NMDA-mediated glutamatergic neurotransmission. Fetal blood gases were not significantly altered by PGE 2 with or without pretreatment with ketamine (P ϭ NS for all 3 variables by ANOVA; Table 2 ).
Study 3. NMDA was injected in fetal sheep that were treated chronically with an intracerebroventricular infusion of nimesulide during the postoperative recovery period (ϳ5 days). In these fetuses, NMDA did not reproducibly increase fetal ACTH or cortisol concentrations. In the group of six fetuses, plasma ACTH increased after NMDA injection in only three fetuses, and plasma ACTH decreased or remained relatively unchanged in three fetuses. Plasma ACTH and cortisol responses in this group of fetuses are illustrated in Fig. 4 . Analysis by parametric (ANOVA) and nonparametric (Friedman's test) statistics showed no statistically significant changes in ACTH or cortisol in this group of fetuses. In a smaller group of three fetuses, we infused vehicle alone into the lateral cerebral ventricle, and we found that all fetuses responded to NMDA with increases in ACTH and cortisol and that the Values (means Ϯ SE) are consistent with healthy chronically instrumented fetal sheep. Time is relative to injection of N-methyl-d-aspartate (NMDA). Vehicle, nimesulide, or resveratrol was injected 30 min prior to NMDA injection. There were no statistically significant differences among groups, and no significant changes were caused by NMDA injection. Fig. 3 . Fetal mean arterial blood pressure, heart rate, and plasma concentrations of ACTH and cortisol in study 2. Vertical arrows show time of ketamine and PGE2 injections. Mean arterial pressure was significantly increased by ketamine and PGE2, both together and individually. Heart rate was significantly altered by PGE2, but not ketamine. ACTH and cortisol responses to PGE2 were not altered by ketamine. Values are means Ϯ SE.
responses to NMDA were indistinguishable from those of fetuses not subjected to chronic intracerebroventricular infusion of vehicle (data not shown). When the chronically nimesulide-treated fetuses were compared with all fetuses that were not treated with nimesulide, two-way ANOVA revealed that nimesulide significantly reduced the magnitude of the ACTH and cortisol responses to the NMDA.
Fetuses chronically treated with nimesulide responded to the NMDA injection with statistically significant increases in mean arterial pressure (P Ͻ 0.01 by ANOVA), but no changes in fetal HR (data not shown). Again, the cardiovascular response to NMDA is not different from fetuses not treated with nimesulide or resveratrol in study 1 
DISCUSSION
The results of the present study support the concept that there is an association between NMDA-mediated glutamatergic neurotransmission and prostaglandin generation and action in the neuroendocrine control of the HPA axis in fetal sheep. The results of this study suggest that, within one or more regions important for neuroendocrine and cardiovascular control, NMDA receptor-mediated glutamatergic neurotransmission stimulates PGHS-2-mediated prostanoid generation, which, in turn, augments the activity of this pathway. The response of the fetal HPA axis to NMDA is at least partially blocked by nimesulide, a specific PGHS-2 inhibitor.
The role of CNS PGHS-2 in the control of the fetal HPA axis has been demonstrated in acute stress responsiveness (36) and in the mechanisms controlling the initiation of parturition in the sheep fetus (7) . Interestingly, this enzyme appears to be a fundamental component of the fetal HPA axis. The present study suggests that the role of PGHS-2 is at least in part dependent on glutamatergic stimulation of the NMDA receptor. What is unclear is where this interaction occurs. PGHS-2 abundance is highest in the cerebral cortex and hippocampus, with lower expression in the hypothalamus and brain stem (8) . This pattern of expression in the fetal sheep is similar to that in the adult rat (8, 13) . The infusion of nimesulide reduces prostaglandin generation throughout the brain (7), and general levels of expression of PGHS-2 do not provide useful clues as to which regions are important with regard to NMDA-PGHS-2 interactions in control of the fetal HPA axis. Nevertheless, there is significant overlap in the expression of NMDA receptors and PGHS-2 (3, 17, 29) . We have found, for example, colocalization of NMDA receptor and PGHS-2 in medullary brain stem (Powers and Wood, unpublished observations).
An interesting outcome of our experiments is that chronic treatment with nimesulide appeared to be more effective in inhibiting the fetal ACTH and cortisol response to NMDA than was acute treatment. This is similar to our previous report regarding the inhibition of fetal ACTH responses to BCO. We reported that intracerebroventricular injection of nimesulide 30 min before BCO did not significantly reduce the ACTH response to BCO (21) . However, infusion of nimesulide into the lateral cerebral ventricle for 5 days significantly reduced the fetal ACTH response to BCO (36) . This suggests that the effect Values are means Ϯ SE. Time is relative to injection of NMDA. Vehicle, nimesulide, or resveratrol was injected 30 min before NMDA injection. Ket, ketamine. There were no statistically significant differences between groups or in response to PGE2 injection. Fig. 4 . Fetal plasma ACTH and cortisol responses to NMDA injection (at 0 min) in fetuses subjected to chronic intracerebroventricular infusion of nimesulide (1 mg/day) in study 3. Data are represented as boxes, which define 90th percentiles. ACTH and cortisol responses to NMDA were attenuated by intracerebroventricular injection of nimesulide compared with responses in unpretreated fetuses (Fig. 2) . Horizontal lines within boxes represent medians.
of PGHS-2 is to augment reflex responsiveness by promoting relatively long-term changes in reflex pathway responsiveness to stimulation. On the other hand, it is possible that the two methods of delivery of nimesulide produced different target tissue concentrations within the fetal brain. Our experimental design could not rule this out as a possibility.
Another interesting aspect of the chronic nimesulide experiments (study 3) is that we seemed to have three "responders" and three "nonresponders" to NMDA. Post hoc analysis of the data revealed that the nonresponders tended to have higher plasma concentrations of cortisol and ACTH before NMDA injection and that the plasma concentrations of ACTH and cortisol were correlated to each other only in the group in which both changed in response to NMDA. Nevertheless, even in the three responders, the HPA axis response to NMDA appeared to have smaller ACTH and cortisol responses to NMDA than the fetuses treated with intracerebroventricular infusion of vehicle. The explanation for this variability in the animals injected intracerebroventricularly with nimesulide is unknown but might be related to effects on fetal autonomic function, which, in turn, affect fetal blood pressure, cardiovascular function, and, likely, hormone secretion and clearance (36) .
We propose that, with respect to the control of the fetal HPA axis response to cerebral hypoperfusion, the following model explains the interaction of glutamate and PGHS-2. Within the CNS pathways governing the HPA axis response to BCO, the major controller of the response is a glutamatergic pathway with neurotransmission mediated by NMDA receptors. Stimulation of the relevant NMDA receptors leads to increased prostanoid biosynthesis via the action of PGHS-2. The generated prostanoid augments the effect of the glutamatergic input to the HPA axis, but it is not required for stimulation of the axis. We know this because blockade of NMDA receptors completely blocks the HPA axis response to BCO, but blockade of PGHS-2 reduces, but does not completely block, the ACTH response to BCO (18, 36) . Also, in the present study, blockade of PGHS-2 does not consistently result in a complete blockade of the fetal ACTH response to NMDA injection. Not all the cortisol response to BCO is dependent on the stimulation of ACTH secretion. The adrenal cortical response appears to be influenced by factors in addition to ACTH, as blockade of NMDA receptors does not block the cortisol response to BCO (although it completely blocks the ACTH response) (18) . This adrenal effect is probably not an NMDA-mediated effect, since blockade of PGHS-2 in the present study completely blocked the increase in cortisol that was observed in response to NMDA injection in control animals.
While the neuroanatomic details of the NMDA-PGHS-2 interaction are not known, there is precedent in the literature for the existence of such an interaction. In adult animals, the influence of glutamate on HPA axis activity, especially with regard to mediation by the NMDA receptor (12) , is well known. For example, blockade of the NMDA receptor with ketamine blocks the HPA axis response to chronic stress in rats (6) . At the same time, activation of NMDA-dependent glutamatergic neurotransmission upregulates PGHS-2 expression. For example, nociceptive stimuli increase PGHS-2 expression in the dorsal horn of the spinal cord, a response that is blocked by pretreatment with MK-801, a specific antagonist of the NMDA receptor (15) . Electrical stimulation increases hippocampal PGHS-2 expression in adult rats; again, the increase in PGHS-2 expression is blocked by MK-801 (38) . We have found similar results in our laboratory: blockade of the NMDA receptor with ketamine reduces the expression of PGHS-2 in the fetal brain and blocks the increase in PGHS-2 expression that normally is stimulated by BCO (Powers and Wood, unpublished observations).
The association of PGE 2 and ACTH secretion has long been recognized in the fetal sheep (10) . While circulating concentrations of PGE 2 are higher in fetal plasma than in the adult animal, it is the prostaglandin produced within the fetal brain that is critical for influencing fetal ACTH secretion (4, 28, 30, 36) . The role of prostaglandin appears to be to augment the activity of the pathways that, in turn, stimulate activity of the HPA axis. Blockade of PGHS-2 chronically in the fetal brain reduces fetal HPA axis activity and delays parturition but does not completely block fetal HPA axis activity (7, 36) . The net effect of fetal brain PGE 2 generation appears to be as a mechanism for increasing the gain of the ACTH response to activation of the pathways subserving the response to stress. Interestingly, in response to severe pathophysiological insult, PGHS-2 and PGE 2 are implicated in neuronal cell death after glutamatergic stimulation (11, 16, 27) . The interaction between glutamatergic neurotransmission and prostaglandin generation, an interaction that can lead to neuronal death, is also a component of the physiological HPA axis response to stress.
Perspectives and Significance
The results of this study support the conclusion that PGHS-2 partially mediates the HPA axis response to NMDA-mediated glutamatergic neurotransmission, although the neuroanatomic site of this interaction is not known. The presence of PGHS-2 in the brains of normoxic and otherwise healthy fetal sheep suggests that this mechanism is a part of normal physiology, and not solely a component of compensatory responses to pathophysiological insult. Nevertheless, the fetus can be said to reside at altitude, precariously living in a low-oxygen environment, while continuing to grow and develop the neuroanatomic pathways that provide the substrate for postnatal survival and behavior. PGHS-2 expression in the fetal brain is responsive to hypoxia and, also, to glutamatergic neurotransmission. Brain prostaglandins, involved in fever generation and inflammatory processes, are damaging to neurons in high concentrations (16) . It is possible that the fetal brain expresses these components of the neuroinflammatory response as a part of its normal physiology. If so, anything that tips the balance toward increased PGHS-2 expression increases fetal HPA axis activity, triggering a neuroendocrine stress response and hastening parturition.
